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Abstract

Community enterprises engaged in rice field crab farming face significant challenges due to the
absence of an electricity grid, resulting in energy shortages that hinder the operation of a 24-hour
recirculating water system, essential for maintaining optimal conditions during the crab laviculture
phase. Consequently, crab larva survival rates have experienced a significant 60% decline. To
address this issue, this paper introduces the design and simulation of an off-grid photovoltaic solar-
powered motor-driven water pumping system (PVWPS) using maximum power point tracking
(MPPT) and charger controllers, to meet the power demands. The proposed MPPT-based neuro-
fuzzy controller (NFC), in conjunction with a proportional-integral-derivative (PID) controller,
maximizes the utilization of PV power for the motor pump. Additionally, a bidirectional converter
facilitates battery charging and discharging. The motor speed, which directly influences the required
pump flow rate, is regulated by controlling the voltage across the DC-linked capacitor, using an
additional proportional-integral (P1) controller. The Ky, Ki, and Kq parameters of both the PID and
Pl controllers are meticulously adjusted through a genetic algorithm (GA) to optimize control
performance. Simulation results demonstrate the effectiveness of the implemented MPPT-NFC and
charge controller. The energy utilization efficiency can be increased by up to 97% and the overall
efficiency of the PVWPS is improved by up to 10.5%, effectively overcoming the power shortage
challenge. Consequently, the proposed PVWPS, utilizing MPPT-NFC with PID-controller and
a bidirectional converter Pl-controller, enables 24-hour operation of the recirculating water system,
with the anticipation of an increased crab larva survival rate.
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Introduction

Rice field crabs, as depicted in Figure 1 (bottom-
left), hold significant economic importance in Thai
cuisine, known for their distinctive taste and aroma.
In the past, these crabs were easily found in rice
fields. However, changes in rice field ecosystems
resulting from monoculture, chemical agriculture,
and climate change have caused a notable decline in
rice field crab populations. Despite these challenges,
the demand for rice field crabs remains high, with
an annual consumption of approximately 45 million
individuals, as reported by Champeeratana et al.
(2023).

Figure 1. Rice field crab farming worksite in
Hankaew district, Hangdong, Chiang
Mai, Thailand. (Top) PV module

installations, (Bottom): (Left) Commercial
MPPT charger in the control cabinet,
(Middle) Existing recirculation water
system, and (Right) Rice field crab and
larvae (small black spots)

Generally, female crabs produce 500-700
offspring annually, with a growth period of 6-8
months and involving 13-15 molts. However, in rice
field crab cultivation, young crabs are vulnerable to
predation by other crabs during the molting process.
This vulnerability leads to a reduction in the survival
rate, typically around 60%. Therefore, a crab
nursery is a crucial step in rice field crab farming,
typically lasting for 1-2 months. To address the
challenges associated with cannibalism during
molting, the use of a segregated pond that provides
adequate space to reduce aggressive crab
interactions has been proposed. This system closely
mimics the natural habitat of rice field crabs but
requires an additional water recirculation system.
By continuously filtering and treating the water, this
system effectively removes waste products and
maintains optimal oxygen levels, thereby mitigating
the stress experienced by rice field crabs during
molting.

However, rice field crab farms are often
located in remote areas without access to the
electricity grid. For example, the community
enterprises in the Hankaew district of Hangdong,
Chiang Mai province of Thailand serve as an area of
study. To tackle this issue, solar photovoltaic (PV)
generators are deployed. However, the operation of
the recirculating water system requires continuous
24-hour operation, exceeding the capacity of the
limited available batteries. Despite a significant cost
investment of approximately 100,000 THB (3,000
USD) per recirculating pond, the existing PV
system, shown in Figure 1 (top), fails to meet the
required specifications due to improper design and
control. Therefore, a well-designed solar PV-
powered motor-driven water pump System
(PVWPS), integrated w not shown in the references
list. ith power electronic converters, coupled with
efficient controllers, is essential to enhance energy
utilization efficiency and overcome the power
shortage challenge.

In the literature, various topologies and
components are used in PVWPS. In PV direct-
coupled  motor-pump  applications, DC-DC
converters, including the boost converter (Nabil
et al.,, 2020), buck converter, and buck-boost
converter (Tawana et al., 2021), are utilized to
address the power mismatch between the PV
generator and the motor-pump. These converters
operate using the maximum power point tracking
(MPPT) technique to ensure the maximum
extraction of PV energy from the PV panels, even
under changing weather conditions.

MPPT-based controllers within the PVWPS
can be categorized into two groups: electrical input-
based methods, including perturb-and-observe
(P&O) (Tawana et al., 2020, 2021), incremental
conductance (INC) (Errouha et al., 2020), model
predictive control (MPC) (Massaqg, 2023), and fuzzy
logic control (FLC) (Tawana et al., 2020; Belgacem
et al., 2022). There are also non-electrical input-
based methods, including the neural network-based
controller (NNC) (Tawana et al., 2020; Massaq,
2023) and neuro-fuzzy controller (NFC) (Aljafari,
2022). Among these, FLC and NNC, both being
artificial intelligence-based methods, are highly
recommended for PVWPS (Muralidhar and
Rajasekar, 2021).

FLC is considered a high-performing
controller due to its ability to handle multiple
command rules. However, the complexity that arises
from designing these rules may lead to errors in
achieving the maximum power point (MPP). In
contrast, NNC, with its single control rule and step-
size-free approach, achieves the MPP through
a training and learning process.
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To improve energy reliability, maintaining
a continuous and consistent power supply in
PVWPS with batteries, bidirectional converters
assume a crucial role (Iskak et al., 2019).
Rechargeable batteries, when connected with
a bidirectional converter, provide instant power
delivery to compensate for voltage fluctuations
during the boost mode operation. Additionally, they
store excess PV energy generated during periods of
high sunlight for later usage during nighttime or
cloudy periods in the buck mode operation.
However, several factors, including battery capacity
and the necessity to balance power demand from the
load with the available energy from the PV panel
and the battery, must be considered.

In this study, a small-scale PVWPS prototype
is designed and implemented using MATLAB
software for the recirculating water system in rice
field crab farming, aiming to validate the
performance outcomes before installing the actual
devices. The system integrates a boost converter
with an MPPT controller and a bidirectional
converter with a voltage regulator to achieve the
desired motor speed and pump flow rate, while also
making use of lithium-ion batteries. The primary
objective is to ensure continuous 24-hour operation,
thereby improving crab larvae survival rates, while
maintaining cost considerations.

To achieve this goal, a DC motor-pump with
a power rating of less than 1 kW, readily available
in the local appliance shop, was chosen as a practical
alternative to an AC motor. The latter would require
a solar pump inverter, resulting in higher costs and
a more complex control system (Nisha and Gnana
Sheela, 2020). The selected system incorporates
a commonly used centrifugal pump driven by
a permanent magnet DC (PMDC) motor, which
provides a constant speed to the pump shaft,
aligning effectively with the tracked maximum
power points (MPPs) (Wongsathan, 2020).

To optimize the extraction of the MPP, an
efficient MPPT controller is employed, in
conjunction with a PID controller through the boost
converter. An alternative approach to improving
MPPT is the use of NFC, which combines the
capabilities of self-generated fuzzy rules of FLC
with adaptive learning of NNC to fine-tune the
system parameters, offering a hybrid approach.

Lithium-ion batteries instead of lead-acid
batteries are chosen to store the energy for operation
during the night and cloudy conditions during the
day due to the advantage of fast charge. A PI
controller, serving the battery charger, regulates the
voltage at the DC-linked capacitor by controlling
the bidirectional converter, ensuring effective
battery charging-discharging to meet the motor-
pump power requirements and maintain system

stability. Despite the simplicity and ease of
implementation of PID and PI controllers, the
selection of their parameters, including K,, Ki, and
K, is limited by the nonlinear nature of the PVWPS.
In modern control optimization, instead of relying
on trial-and-error tuning by humans, these
parameters are adjusted using population-based
search algorithms such as Artificial Bee Colony
(ABC), Genetic Algorithm (GA) (Gonzélez et al.,
2021), and Particle Swarm Optimization (PSO)
(Zhang et al.,, 2022). To enhance the control
performance of the PID and PI controllers, in this
work, GA is chosen to fine-tune these parameters
offline, as it is well-suited for exploring the large
search space associated with these parameters.

Proposed Methods

The PVWPS description

The overall PVWPS depicted in Figure 2
comprises five electrical components: a PV
generator, a DC-DC boost converter, a bidirectional
converter, a rechargeable battery (Lithium-ion
battery), and a PMDC motor coupled with
a centrifugal pump as the load. It also includes two
segments of controllers: an MPPT-NFC with a PID
controller in the boost converter stage, and an
additional PI controller for voltage regulation in the
bidirectional converter stage.

PV Generator Boost Converter PMDC motor
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Figure 2. Schematic diagram of the off-grid PV-

powered motor-driven water
system (PVWPS) with controllers

pump

The PV panel, serving as the current generator
source, is connected to the boost converter to
increase the PV voltage to match the reference
voltage (Vrer) across the DC-linked capacitor. To
transfer the maximum available PV power to the
load, the MPPT-NFC tracks the MPPs under the
conditions of solar irradiance (G) and ambient
temperature (T). The errors between the measured
PV power (Ppy) and the estimated MPP serve as
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inputs for the PID control, which generates the duty
ratio (D) that is converted to the pulse width
modulation (PWM) signal used to switch the boost
converter. The bidirectional converter operates in
two main modes based on the Ppy: in buck mode,
when the Ppy is greater than the required load power,
the excess power is transferred to charge the battery,
and in boost mode, when the Ppy is less than the
required load power, the battery power, together
with the Ppy, are supplied to the load. Therefore, the
battery should be fully charged during the day to
supply power to the load at night and provide
backup in cloudy conditions. To control the motor
speed, including maintaining the constant flow rate
of the pump, the varying voltage across the DC-
linked capacitor (Vpc) is regulated to meet Vs using
the PI controller.

The PVWPS design

Sizing a PVWPS under variable motor speed
based on water demand, sunlight availability, and
system load is a challenging task due to the
complexity in accurately estimating power
requirement, optimizing system efficiency, and
achieving MPPT. By assuming that the
characteristics of the pump and motor are known for
a fixed speed, the performance of PVWPS can be
analyzed at the steady state.

In PVWPS design, the recirculation pond with
dimensions of 0.8x15%0.15 m? in the rice field crab
nursery requires an approximate volumetric flow
rate (q) of 7 m%hr. Using Equation (1) with a low
total pump head (TPH) of 5 m, the hydraulic power
(Pn) is calculated to be approximately 97 W.
Considering a pump efficiency (npump) and motor
efficiency (nmotor) Within the range of 60% to 90%
(here, we use 60% in the simulation), Equation (1)
estimates the power of the motor (Pn) driving the
pump to be around 270 W. As a result, a motor with
a rated power of 300 W (or 2/5 HP), a nominal
voltage of 36 V (input voltage range 12-56 V), and
a rated current of 15 A, with a maximum speed of
1,725 RPM (revolutions per minute), is selected,
along with a required DC voltage (Vpc) supply to the
motor of 60 V.

P,

p=— "
npump X Nmotor

_ qXpXgXTPH (l)

(3.6)( 103)X77pump XNmotor

Here, g represents gravitational acceleration
(9.8 m/s?) and p is water density (1,000 kg/m?).

To ensure nighttime backup power from 6 pm
to 6 am and provide a 2-hour reserve for daytime
cloudiness when the PV power (Ppy) falls below the

preferred threshold (Prer), a battery is incorporated
into the system. The battery is relatively expensive
due to its capacity. Our choice preferred a lithium-
ion battery over a lead-acid battery due to the
advantage of fast charging (see comparison in
Figure 3). Two lithium-ion batteries connected in
parallel, each with a rated battery voltage (Vbar) of
36 V and capacity (Craed) 0f 130 Ah or 9,360 Wh,
ensure adequate power requirements. To prolong
the battery life and health during daily operation, the
terminated discharge level should be 50% of SoC.
Testing with the selected motor (Figure 3), the
lithium-ion battery can supply up to 15 hours and
requires about 6 hours for near full charge,
compared to the lead-acid battery, which requires
over 12 hours.

60 | ithium-ion Batt.
= |_ead-acid Batt.

Safety discharge level 50%

40 Charging
0 3 6 9 12 15 3 6 9. q o
Figure3. SoC against the required time for

charging-discharging the battery

During PMDC motor operation, back
electromotive force (EMF, Ep) depends on the
supply voltage (Vbc) and angular velocity (w) of the
shaft, expressed as Ep=Kexa(t), while the torque (7)
turning the motor attached pump is developed by
current through armature inductance (L), where Ke
denotes back EMF constant. The differential
equations for the equivalent PMDC motor circuit
(Figure 2) used in the simulation can be expressed
in both transient and steady-state conditions (i.e.,
dla/dt = 0 and dw/dt = 0) as follows,

dla(t) _ VDC(t) Ra

K,
Lo() = 75 0(0);

dt Le Lo
Vpc = Ralg + Ko (2)
dw(t) _ Tmotor B_mw(t) _ Tpump ;

dt Jm Jm Jm
Tmotor = Bm®w + Tpump 3)

where 1, and Ra are the armature current and
resistance respectively, Jn is rotor inertia, Bn is
viscous friction coefficient, zmotor iS Motor torque,
and zpump IS pumMp torque.

In simulation under steady-state conditions,
a selected 300 W PMDC motor has a specification
Of Nmax of 1,725 RPM or @max of 181 rad/sec, and
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a required speed (N) of 1,200 RPM or o of 125
rad/sec. At the no-load condition (@ = @max): Voc =
Epr = 60 V, and the value of Ke = Ep/w = 0.331
V/rad/sec. At a locked rotor condition (i.e., @ =0 or
Ep = 0), considering the given stall current of 21.5 A
(i.e., maximum current drawn by the motor), so R,
= Vpc/21.5 or 2.8 Q. At the required operation
speed, Ep =41.4 V and 1, =7 A. Other setting values
include Ly = 5 mH, Jn = 0.0023 kg-m?, and Bp =
0.0015 N-m/rad/sec. Here, zmotor = Kt x la(t), where
K: equals Ke. To calculate the driving torque of the
centrifugal pump, Equation (4) (Sontake et al.,
2020) is utilized. The mechanical power developed
by the motor can be expressed as,

Bn = Tpump X @
= (Apump + Kpumpr) X w 4)
where assuming that Apump represents zero load
friction and considering the pump constant denoted
by L as 1.8. In addition, for a selected P of 300 W
and a desired motor speed of 125 rad/sec, the value
of Kpump in Equation (4) is approximately 4x107%,
Based on the above requirements, a PV
polycrystalline module of 17% efficiency (nev) with
the following specifications at standard test
conditions (STC) of G = 1,000 W/m? and T = 25°C
is selected: a rated power of 250 W, a voltage at the
MPP of 31 V, a current at the MPP of 85 A, an
open-circuit voltage of 38 V, and a short-circuit
current of 9 A. To meet the power demands for both
supplying the motor-pump and simultaneously
charging the battery, the converter power (Vpc X la)
needs to be 420 W. During sunlight, more than twice
this power is required for charging the battery for
nighttime and cloudy conditions during the day.
Therefore, at least four PV modules are required.
Figure 4 illustrates the characteristics of the
PV array with four modules connected in parallel,
showing the PV current-voltage (Ipv-Vey) and
power-voltage (Ppv-Vpy) under two scenarios:
varying G with a constant T of 25°C and varying T
with a constant G of 1,000 W/m?. At the STC, the
PV array has a rated power (Praed) Of 1 kW, with
a voltage at the MPP (Vmwmp) of 31 V and a current
at the MPP (Immp) Of 35 A. It is evident that an
increase in T from 25°C to 45°C has a relative
impact on the reduction of available PV power for
supplying the motor-pump. However, under specific
conditions of G, specifically when G is less than 400
W/m?, the generated PV power is insufficient,
falling below the required 300 W for the motor. In
such cases, additional power is drawn from the
battery. Conversely, when G exceeds 400 W/m?,
typically occurring between 8:30 am and 4:00 pm
(approximately 7 hours of charging), the average

excess PV power (1000-420)x7 = 4 kWh is utilized
to charge the battery, ensuring an adequate supply
for the motor-pump for up to 12 hours (9,360x0.43
= 0.4 kWh, as depicted in Figure 4).

In order to design the boost converter under
STC, the input voltage (Vin) is set to 31 V (or Vmwme),
and the desired output voltage (Vou) or Vpc is
referenced at 60 V (or Vvs). The corresponding
output current (lou) can be calculated as Prated/Vout,
resulting in 17 A. The inductance (Li) and
capacitance (Ci1 and C;) can be determined as
follows (Iskak et al., 2019),

— VinX(Vout—Vin)
AlLX fsXVout

®)

1

and

ToutX(Vout—Vin
G=6= A;oifsxtVout : (©)
respectively, where Al represents the inductor
current ripple, AV, represents the output voltage
ripple, and fs denotes the switching frequency.
For fs of 10 kHz, with a desired Al and AV, of
5%, L1 can be calculated to be 0.9 mH, and C; and
C, are determined to be 270 uF. To design the
bidirectional converter with the same parameters,
except for setting the input voltage (Vin) to 36 V (or
Vbat), L2 is calculated as 1 mH. Moreover, Cz and C,4
are determined to be 226 pF.

2 T=25°C

0.4 kW/m?
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Figure 4. PV current-voltage (a) and (c) along with

PV  power-voltage (b) and (d)
characteristics under constant T and
constant G, and (e) solar irradiance (G)
and (f) ambient temperature profiles
throughout the day
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The MPPT-based NFC design

The MPPT-NFC (Figure 5(a)) incorporates
five layers: input layer, fuzzification layer, rule
layer, defuzzification layer, and output layer. In the
input layer, two neurons represent the normalized
inputs of G and T ranging between 0 and 1. The
fuzzification layer maps these crisp inputs to fuzzy
strengths () using Gaussian membership function
associated with linguistic terms, such as NB
(negative big), NS (negative small), Z (zero), PS
(positive  small), and PB (positive big).
Consequently, the output of this layer produces
HGNB, LGNS, .., Lo ps for the crisp value of G, and
HTNB, LTNS, ..., tir,ps TOr the crisp value of T. In the
rule layer, each node represents a fuzzy rule that
connects the fuzzy sets G = {NB, NS, Z, PS, PB} and
T={NB, NS, Z, PS, PB} to the output variables mmp.
Thus, a total of 25 self-generated fuzzy rules exist.
In a first-order Sugeno neurofuzzy model, the
consequent part of each rule is represented by
a linear function of the input variables G and T, for
instance:

Rule (1): If G is NB and T is NB, THEN
mmpl(G, T) = P1XG+Q1XT+R1,

Rule (25): If G is PB and T is PB, THEN
mmpzs(G, T): P25><G+Q25XT+R25.

Here, Pi, Qi, and R; represent the parameters of
the linear outputs. To evaluate the rule antecedent,
the product for T-norm (logical AND) is selected,
resulting in weight value by,

Wi = U (G) X gy, (T),
i=12,..25x€G,yeET. @)

In the defuzzification layer, each neuron
generates a fuzzy output (mppi) corresponding to the
weighted values (w;). Finally, in the output layer, all
the fuzzy outputs defuzzified from the previous
layer are converted into a crisp value (Pmwvp) using
the weighted average method.

Y25, wixmpp;(G.T)
25
Zi:l wi

PMMP - (8)

The data acquisition system collects the data
required for training the NFC, which includes input
variables of G and T, and output variables of Vpy,
Ipy, and Pwmwme. This system incorporates various
sensors, including irradiance, temperature, and
current and voltage sensors. These measurements
are utilized to estimate the MPP, which is crucial for
optimizing the MPPT performance.

The PID and PI controllers are designed using
GA

The PID controller plays a crucial role in
regulating the PV power to minimize errors and
ensure optimal MPPT performance. The output of
the PID controller in the MPPT is the duty ratio (D)
of the boost converter, which determines the
switching time of the power electronic devices. The
duty ratio is calculated based on the errors (e)
between the estimated and measured PV power, as
well as the three parameters of the PID controller:
K, (proportional gain), K; (integral gain), and Kg
(derivative gain), which can be expressed as
follows:

d
D=pre+Kixfedt+Kd><d—‘Z. 9)

IO VA e
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Figure 5. Schematic diagram of the controller
design for the PVWPS (a) MPPT-based
NFC and (b) GA optimization for PID and
Pl controllers
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By adjusting the values of K, Ki, and Kgq, the
PID controller can effectively regulate D to
minimize errors and maintain optimal power
transfer in the system. Figure 5(b) illustrates the
tuning and optimization of these parameters
accurately using a GA. The process begins by
initializing a population of potential solutions called
chromosomes, where each solution represents a set
of PID parameter values. After determining D using
an individual chromosome (Equation (9)) and
applying the generated PWM signal to the boost
converter, the errors for predefined sampling time
are summed to assign rankings to all chromosomes
based on their strength through a fitness function in
Equation (10). The fitness function incorporates
weighted combinations of transient and steady-state
errors to consider the best chromosome.

The best one is preserved using an elitism
strategy to ensure their survival to the next
generation, while the rest are selected using the
roulette wheel method by assigning a high
probability of selection to the fittest individuals. For
the reproduction process, during crossover, two
parent chromosomes are combined with the
crossover rate Pc to create offspring solutions that
inherit traits from both parents. Mutation introduces
random changes in the individual chromosomes
with the mutation rate Pn, ensuring diversity in the
population. It is generally suggested to have a high
Pc and a low Py for the convergence of the solution.
Here, Pc and Pwm are selected as 0.9 and 0.15,
respectively. The offspring and preserved
chromosomes are combined in the mating pool to
replace the previous generation’s population. This
cycle of evaluation, selection, crossover, mutation,
and replacement continues until the GA converges
to a solution with PID parameters that yield the best

performance, effectively minimizing the errors
between the estimated and measured PV power. The
fitness function (Equation (10)) is used to evaluate
the i chromosome, with K; and K, representing
weighted integer constants.

fi = (K ST lerr ()] + (K, — KD S 1y lerr (1)
(10)

Once the optimization process is completed,
the optimized set of PID parameters is obtained. In
the case of the PI controller for regulating the DC-
linked voltage, K and K; are adjusted through the
GA similar to the PID controller.

Results and Discussion

The specification and design values of the electrical
components of the PVWPS, including the controller
parameters, are summarized in Table 1. These
parameters are used in the simulation, as shown in

the circuit diagram implemented in
MATLAB/Simulink (Figure 6).
The control results for four different

conditions of G at 1000, 800, 600 and 100 W/m?,
with a constant temperature of T = 25°C, are
depicted in Figure 7. Figure 7(a) presents the
estimated MPPs (represented by the blue line)
obtained from the proposed MPPT-NFC with PID
controller compared with the exact MPPs indicated
in parentheses: 997 W (1000 W), 793 W (803 W),
610 W (616 W), and 89 W (97 W). The energy
utilization efficiency (nwmepr), calculated as the
average summation of the obtained MPP divided by
the exact MPP, is approximately 97.3%.

Table 1. Parameters and their designed values used in the PVWPS with controllers

Parameter Value Parameter Value
Flow rate (q) 7 m3hr Rotor inertia (Jm) 0.0023
Total pump head (TPH) 5m Viscous friction coefficient (By) 0.0015
Hydraulic power (Py) 97 W Pump coefficient (L) 18
Pump efficiency (npump) 60% Pump constant (Kpump) 4x10*
Motor efficiency (Mmotor) 60% Rated PV power (Prated) 1 kw
PV efficiency (nev) 17% PV voltage at MPP (Vipp) 31V
Motor power (Pp,) 300 W PV current at MPP (lypp) 35A
Motor speed (Nmax) 1725 RPM Boost inductance (L,) 0.9 mH
Motor speed (®max)) 181 rad/sec Boost capacitance (Cy, C») 270 puF
Battery voltage (Vpar) 36V Bidirectional inductance (L,) 1 mH
Battery capacity (Crated) 130 Ah Bidirectional capacitance (Cs, Cs) 226 uF
Battery power rated (Prateq) 9,360 Wh Proportional constant (Kp) (PID) 0.00535
DC-linked voltage (Voc=Vre) 60 V Integral constant (K; ) (PID) 0.52547
Motor torque constant (Ke=K) 0.33V/rad/sec Derivative constant (Kg) (PID) 0.00031
Resistance armature (R,) 28Q Proportional constant (K;) (PI) 0.00023
Inductance armature (L,) 5 mH Integral constant (Kj) (PI) 0.03213
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Figure 6. Circuit diagram of the PVWPS with the implementation of the proposed controllers using

MATLAB/Simulink software

For the first three conditions, it is observed that
the PV power (997, 793, and 610 W) exceeds the
motor power (300 W), resulting in excess energy of
200 W, which is used to charge the battery
(indicated by the negative power value in the black
line). In contrast, in the last condition, the PV power
(89 W) is lower than the motor power (300 W),
leading to the supplementation of power drawn from
the battery (411 W) indicated by the positive power
value in the black line. The converter power and
motor power stabilize at 500 W and 300 W,
respectively. The PV voltage is regulated at the
Vuwme With a value of 30.7 V (indicated by the blue
line in Figure 7(b)), while the output of the boost
converter maintains a desired level of 60 V
(indicated by the red line in Figure 7(b)). The motor
operates at a constant speed of 1,070 RPM (Figure
7(c)), and the armature current is about 8 A (Figure
7(d)). Consequently, the motor loss, determined by
1.2xRa, amounts to about 179 W, resulting in a motor
efficiency of 0.62%, which closely aligns with the
simulation value of 60% used in Equation (2)). The
motor torque in Figure 7(d) measures approximately
3 Nm, which is suitable for a motor of small power.

Typically, the overall efficiency of a PVWPS,
considering the combined efficiencies of all
components, falls within the range of 10% to 30%.
This range accounts for losses in the PV module,
motor, pump, power electronics, and other system
components. In our design and simulation, taking
into consideration the output parameters, the
calculated overall efficiency of the PVWPS,
determined by mpvxMmPPTXMconvX Mmotor XMpump, 1S
0.17x0.97x1.0x0.62x0.6, resulting in an overall
efficiency of 10.5%. Here, we assume the converter
to be ideal.

To enhance the PVWPS efficiency, consider
switching to high-efficiency monocrystalline PV
modules (17%-22%). Also, opt for more efficient
motors, pumps, and advanced control techniques for
improved overall efficiency.
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Figure 7. Schematic diagram of the controller design
for the PVWPS (a) MPPT-based NFC and
(b) GA optimization for PID and PI
controllers
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By incorporating motors and pumps with
efficiencies of around 90%, the overall efficiency of
the system can increase up to 17%.

However, it is important to consider the cost
implications associated with these efficiency-
enhancing measures. Moreover, there is a need to
improve the control performance during transient
while exhibiting fluctuations (as can be seen in the
expanded figures in Figure 7). These fluctuations
can lead to electronic stress and heating, thereby
degrading the overall performance of the system.

Furthermore, the performance of the proposed
PVWPS with the controller in terms of MPPT and
charger operation is validated during daytime
operation. The simulation results, depicted in
Figure 8, clearly illustrates the successful
collaboration between the generated PV power and
the stored battery power in supplying the power
demands of the motor-pump, even under cloudy
conditions.
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Figure 8. Generated PV and stored battery power
for motor-pump operation during

daytime under cloudy conditions

Conclusions

By implementing a comprehensive design and
control strategy that integrates power electronic
converters and incorporates lithium-ion battery
storage, an efficient and reliable PVWPS with
controllers has been designed and implemented,
achieving satisfactory overall efficiency. This
system is specifically designed for use in a 24-hour
recirculating water system within rice field crab
farming, with the primary objective of increasing
the survival rate of rice field crab larvae. To achieve
this objective, the utilization of an efficient MPPT-
NFC technique with a PID controller through a
boost converter, along with a bidirectional converter
functioning as a charger with a P1 controller through
a bidirectional converter, holds great significance.
The parameters of both Pl and PID controllers have

been systematically optimized using a GA to ensure
the controller’s effectiveness in achieving the
desired control results. In practical implementation,
the proposed controller can be effectively realized
through the cost-effective Arduino Uno board
microcontroller. Future work will focus on the
hardware implementation and installation of the
PVWPS along with the associated controllers,
transitioning the design from a conceptual
framework to a real-world application.

References

Aljafari, B., Almatrafi E., Thanikanti SB., Ibrahim SA., Enany
MA., and Ahmed MM. (2022). Evaluation of on-line
MPPT algorithms for PV-based battery storage systems.
Computers, Materials & Continua, 73(2):3,595-3,611.
https://doi.org/10.32604/cmc.2022.030733

Belgacem, A., Miloud, Y. Mostefai, M., and Belgacem, F.
(2022). Fuzzy logic direct torque control of induction
motor for photovoltaic water pumping system.
International Journal of Power Electronics and Drive
System, 13(3):1,822-1,832.
https://doi.org/10.11591/ijpeds.v13.i3.pp1822-1832

Champeeratana, A., Potchanasin, C., and Sayruamyat, S. (2023).
Analysis of investment return and business model of rice
field crab farming in Kamphaengphet province. Journal of
Social Science Panyapat, 5(2):147-160.

Errouha, M., Derouich, A., Najib, E.O., and Motahhir, S. (2020).
High-Performance  Standalone  Photovoltaic ~ Water
Pumping System Using Induction Motor. International
Journal of Photoenergy, 2020(1):1-13.
https://doi.org/10.1155/2020/3872529

Gonzélez-Castafio, C., Restrepo, C., Kouro, S., and Rodriguez, J.
(2021). MPPT algorithm based on artificial bee colony for
PV system. IEEE Access; 9:43,121-43,133.
https://doi.org/10.1109/ACCESS.2021.3066281

Iskak, C.A., Windarko, N.A., and Rakhmawati, R. (2019).
Designing and Implementation Bidirectional DC-DC
Converter for Load Sharing and Charging Battery.
International Seminar on Application for Technology of
Information and Communication (iSemantic), 455-459.
https://doi.org/10.1109/ISEMANTIC.2019.8884344

Massaq, Z. (2023). Design of high-performance fuzzy-predictive
controllers for a photovoltaic/battery pumping system.
International Journal of Renewable Energy Research,
13(1):454-465.

Muralidhar, K. and Rajasekar, N. (2021). A review of various
components  of  solar  water-pumping  system:
Configuration,  characteristics, and  performance.
International Transactions on Electrical Energy Systems;
31(9):16. https://doi.org/10.1002/2050-7038.13002

Nabil, M., Allam, S.M., and Rashad, E.M. (2013). Performance
Improvement of a Photovoltaic Pumping System Using a
Synchronous Reluctance Motor. Electrical Power
Components and System, 41(4):447-464.
https://doi.org/10.1080/15325008.2012.749554.

Nisha, R. and Gnana Sheela, K. (2020). Review of PV fed water
pumping systems using BLDC motor. Materials Today:
Proceedings; 24(3):1,874-1,881.
https://doi.org/10.1016/j.matpr.2020.03.612

Sontake, V.C., Tiwari, A.K., and Kalamkar, V.R. (2020).
Performance investigations of solar photovoltaic water
pumping system using centrifugal deep well pump.
Thermal Science; 24(5A):2,915-2,927.
https://doi.org/10.2298/TSC1180804282S.


https://doi.org/10.1002/2050-7038.13002

030192-10 PVWPS using NFC and Bidirectional Converter for Crab Farming

Tawana, N., Takkabutr, F., Kesutha, A., and Wongsathan, R.  Wongsathan, R. (2020). Simulation model for controlling of the

(2020). Maximizing efficiency of a photovoltaic water photovoltaic water pumping system. UBU Engineering

pumping system using the MPPT-based fuzzy logic Journal, 13(2):156-165.

controller. Suranaree Journal of Science and Technology;  Zhang, M., Zhuang, K., Zhao, T., Xue, J., Gao, Y., Cui, S., and

27(4):1-10. Qiao, Z. (2022). MPPT control algorithm based on particle
Tawana, N., Takkabutr, F., Kesutha, A., Wongsathan, R., swarm optimization and adaptive linear active disturbance

Nuangnit, A., and Wongsilapamorakot, N. (2021). rejection control. Energies, 15(23):9091.

Improvement performances of PV water pumping system https://doi.org/10.3390/en15239091.

using MPPT-based modified P&O controller: Modeling,
setting experimental package and analysis. The Journal of
KMUTNB, 31(1):5-15.
https://doi.org/10.14416/j.kmutnb.2020.12.001



